ABSTRACT This study evaluated the effects of different dietary levels and sources of zinc (Zn) on performance and carbonic anhydrase (CA) activity in eggshell formation and quality in aged laying hens. A total of 504 Hy-line Grey layers aged 59 wk were fed a basal diet (Zn, 28.4 mg/kg) for 4 wks, then randomly allocated to 7 groups that were fed a basal diet or a basal diet supplemented with inorganic (ZnSO 4 ·H 2 O) or organic (amino acid metals, 9.58%) Zn at 35, 70, or 140 mg Zn per kg of feed for 6 weeks. Each group had 6 replicates of 12 hens. Results showed that egg weight decreased linearly with the supplemental level of organic Zn (P < 0.05). Dietary Zn supplementation had linear and quadratic effects on the CA activity in plasma (P < 0.05), and it was higher in the organic Zn-added groups at wks 2 and 4 (P < 0.05). Dietary Zn supplementation had a quadratic effect on the CA activity in the eggshell gland (P < 0.05). Shell thickness was greater in the organic Zn-added groups (P < 0.05), and its relationship with the supplemental level of Zn showed linearly and quadratically, increasing with the organic Zn and with the inorganic Zn at wk 4, while linearly increasing with the inorganic Zn at wk 6 (P < 0.05). At wk 4, the supplemental level of inorganic Zn had a linear effect on shell weight, and linear and quadratic effects on shell index and ratio (P < 0.05), while shell weight, the index, and ratio increased linearly and quadratically with the organic Zn level in the diet (P < 0.05), with more obvious effects in the organic Zn-added groups (P < 0.05). Overall, dietary Zn supplementation, up to 140 mg/kg feed, could increase eggshell thickness by enhancing CA activity in the plasma and eggshell gland of aged layers; thicker eggshells were found in the organic Zn-added groups, but the breaking strength did not increase despite the eggshell thickness increasing.
INTRODUCTION
The cracking of eggshells is a costly problem in the egg industry, and gets worse with age-related reduction of shell quality. It has been reported that incidences of broken shells or soft-shell eggs could be up to over 20% in aged laying hens (Nys, 2001 ). The eggshell is sequentially formed in the different segments of a hen's oviduct. It is a mineralized structure, composed of a mineral phase and abundant organic components, and several key enzymes are involved in the process of eggshell formation. Carbonic anhydrase (CA) is a zinc-containing enzyme and regarded as a vital enzyme in the deposition of calcium carbonate during shell formation. This enzyme catalyzes the hydration of metabolic CO 2 to HCO 3 − , the precursor of eggshell carbonate. Several studies have reported that partial or complete inhibition of CA results in thin-shelled or shell-less eggs (Benesch et al., 1944; Diamant and Schluns, 1964; Lundholm, 1990) . It also has been reported that eggshell quality is reduced by the inhibition of CA activity or CA mRNA expression in layers (Nys et al., 1999; Holm et al., 2006) . Wistedt et al. (2014) reported that eggshell quality could be improved by enhancing the CA activity in late-phase brown layers. These studies indicate that eggshell quality can be ameliorated by regulating the CA activity in eggshell formation. The modulation of the CA activity may be one of the options to improve eggshell quality; however, there is limited information about the effect on the CA activity via dietary modification in laying hens.
Zinc (Zn) is one of the essential trace elements in poultry and has been studied for a long time. Zn is an important cofactor of CA, which performs a vital role in eggshell formation. In addition, Zn can be incorporated into the growth step during calcite crystal formation in vitro (Elzinga and Reeder, 2002) , and thus may affect the crystal and texture morphologies of the shell. Although a few studies have examined the effects of dietary Zn supplementation on eggshell quality in layers, the results are inconsistent. Stevenson (1985) showed that dietary Zn supplementation of 100 mg/kg or 200 mg/kg feed did not benefit eggshell thickness. This is in contrast to the result by Zamani et al. (2005a) , in which dietary supplementation of Zn at 150 mg/kg feed decreased the number of broken eggs as compared with the basal diet containing 50 mg/kg Zn. There is a suggestion that for maintaining eggshell strength, a diet for aged laying hens should contain 80 mg/kg Zn (Guo et al., 2002) . Furthermore, a positive effect on eggshell quality by simultaneous supplementation of Zn, manganese (Mn), and copper (Cu) was obtained in aged laying hens (Mabe et al., 2003; Stefanello et al., 2014) . Considering the diversity of these results, the dietary supplementation level of Zn alone for the purpose of the improvement of eggshell quality warrants re-evaluation. In addition, it is generally accepted that organic forms of mineral elements have higher absorption rates and greater bioavailability than their inorganic counterparts. For example, Swiatkiewic and Koreleski (2008) reported that the use of organic complexes of Zn and Mn improved eggshell breaking strength in aged layers compared to inorganic sources. Therefore, not only the supplementation level in the diet, but also the chemical form of Zn supplements, in terms of eggshell quality, awaits further research. The aim of this study was, therefore, to investigate the effects of dietary supplementation level of Zn, in either organic or inorganic form, on eggshell quality of aged (59 wk old) laying hens. The effects of the regulation of the CA activity in the plasma and eggshell gland were also examined.
MATERIALS AND METHODS

Experimental Design and Diets
The use of the birds and the experimental protocol were approved by the Animal Care and Use Committee of the Feed Research Institute of the Chi- nese Academy of Agricultural Sciences. A total of 504 Hy-line Grey layers aged 59 wk were fed a basal diet (Table 1) for 4 weeks. The average egg production of all the layers was 84.5% during those 4 weeks. The birds were then randomly divided into 7 groups and allocated to 7 treatment diets, respectively. The control group was continuously fed the basal diet that contained 28.4 mg Zn per kg feed (Zn deficiency) for 6 wks (referring to wk one up to wk 6 of the treatment period). The other 6 groups were fed the basal diet supplemented with 35, 70, and 140 mg/kg Zn, either in inorganic (ZnSO 4 ·H 2 O) or organic (amino acid metals, 9.58% Zn) form. Each group had 6 replicates of 12 hens, and 3 hens in a cage (45 cm × 45 cm × 45 cm). The basal diet was composed mainly of corn and soybean meal and was formulated to supply adequate levels of all nutrients, except for Zn (28.4 mg/kg). The dietary composition and nutrient levels are listed in Table 1 . The actual concentrations of the total Zn analyzed in the 7 treatment diets are shown in Table 2 .
Sample Collection
Ten eggs per replicate were collected in 2-week intervals during the treatment period for determining eggshell quality. Meanwhile, one hen in each replicate was randomly selected and marked for blood sampling. Blood samples were taken from the wing vein into a tube containing heparin sodium as an anticoagulator, centrifuged at 3,000 × g for 10 min at 4
• C for harvesting plasma. Plasma samples were stored at −20
• C until analysis. At the end of the trial, all the marked birds were placed into individual cages to record the oviposition time for 5 days. Then, after 18 h of the last oviposition (to coincide with the time of rapid growth of the polycrystalline calcite of the eggshell formation), those birds were sacrificed by cervical dislocation. The eggshell glands surrounding the egg were immediately removed, placed on ice, cut open, and washed with PBS to minimize contamination. The tissue was frozen in liquid nitrogen and kept at −80
• C until analysis. Thus, there were 6 replicate birds for each dietary treatment.
Performance and Eggshell Quality Measurement
Egg production and egg weight were recorded daily, and feed consumption was recorded every 2 wk during the treatment period.
Eggshell thickness and breaking strength were separately determined by using Egg Shell Thickness Gauge and Egg Force Reader (Ramat Hasharon, Israel Orka Food Technology Ltd., Ramat Hasharon, Israel). The egg weight and shell weight of the 10 eggs for each treatment replicate were individually recorded.
The shell weight was recorded after the interior membrane was washed and dried overnight at room temperature. The shell ratio was calculated as shell weight/egg weight × 100. Shell index (g/100 cm 2 ) was calculated as I = (C/S) × 100, where C is shell weight (g) and S (cm 2 ) is shell surface (S = 4.68 × P 2/3 , where P is egg weight [g]). Shell stiffness (N/mm) was measured by quasistatic compression using a Texture Lab Pro (TMO-Pro, Food Technology Ltd., SV, Sterling, VA) fitted with 25 N load capture at a compression speed of one mm/min, and calculated as the mean value for 3 linear slopes of the force deformation curves resulting from the applied load of 10 N on 3 points of the equator of each egg. Mechanical elastic modulus and fracture toughness of the eggshell were measured according to the formulas described by Bain (1990) .
Measurement of Carbonic Anhydrase Activity
The CA activity was determined by the electrometric and colorimetric methods (Wilbur and Anderson, 1948) . Approximately 0.5 g of eggshell gland sample was suspended in 4.5 mL of 0.9% physiological saline and homogenized in an ice bath. The homogenate was centrifuged at 4,500 × g for 15 min at 4
• C, and the supernatant was used for measuring the CA activity. The veronal buffer was prepared in a 200 mL sealed, brown, wide flask by dissolving 0.717 g barbitone sodium in 150 mL deionized water, and the pH was adjusted to 8.20 by adding barbituric acid. The substrate was prepared by bubbling purified carbon dioxide gas through deionized water at 0
• C for at least one h prior to use. One milliliter of plasma or the supernatant of the shell gland was mixed with one mL veronal buffer in a 50 mL centrifugal tube, which was immersed in ice. One milliliter of the saturated solution of carbon dioxide was immediately added into the reaction vessel, and the time elapsed for the pH to decrease from 7.9 to 6.7 was recorded. Appropriate uncatalyzed reaction was made by replacing one mL sample with one mL distilled water. The activity of carbonic anhydrase (E) was calculated as E = (T u -T c ) / (T c × m), where T u is the uncatalyzed reaction time (sec), T c is the time (s) for the relevant catalyzed reaction, and m stands for the sample weight (g). 
Statistical Analysis
The normality of the data and homogeneity of variances were tested at first. Then the linear (L) and quadratic (Q) effects of supplemental levels of Zn from the inorganic and organic sources were analyzed using regression analysis in SPSS 16.0 for Windows (SPSS Inc., Chicago, IL), respectively. The interactions between the Zn supplemental level and Zn source of 6 groups (without control) were analyzed with covariance analysis using the generalized linear models (GLM) of SPSS software. Then the statistical significance of comparisons between the means of inorganic or organic Zn was further assessed using covariance analysis, as the interaction between the Zn level and Zn source was not significant. A P-value of 0.05 or less was declared significant.
RESULTS
Egg Performance
Egg production, ADFI, and the feed conversion ratio were not influenced by the dietary Zn supplemental level or source during wk 63 to 64, 65 to 66, or 67 to 68 (P > 0.05, data not shown), and at 63 to 68 wk of age (P > 0.05, Table 3 ), neither the interactions between the Zn level and source were significant (P > 0.05). Dietary supplementation of the inorganic Zn did not influence egg weight (P > 0.05, Table 4), while supplementation of the organic Zn linearly decreased the egg weight in wk 65 to 66 (P = 0.034) and 67 to 68 (P = 0.047), and 63 to 68 (P = 0.049). 
Carbonic Anhydrase Activity
The CA activity in the plasma was not affected by dietary supplementation of the inorganic Zn at wk 2 (P = 0.065, Table 5 ), but increased linearly and quadratically at wk 4 (P < 0.001) and 6 (L = 0.038; Q = 0.014) of the treatment period. Dietary supplementation of the organic Zn resulted in linear and quadratic increases in the CA activity in plasma at wk 2 (L = 0.007; Q < 0.001), 4 (P < 0.001), and 6 (L = 0.008; Q = 0.027). The CA activity in the eggshell gland showed a quadratic relationship with the supplemental level of Zn both in the inorganic (P = 0.007) and organic (P = 0.001) sources. The higher CA activity in the plasma was observed in the organic Zn-added groups as compared to the inorganic groups at wk 2 (P < 0.001) and 4 (P = 0.039), respectively, but not at wk 6 (P > 0.05), nor in the eggshell gland (P > 0.05). There were no interactions on the CA activity in the plasma or eggshell gland between the Zn supplemental level and Zn source (P > 0.05).
Eggshell Quality
The effects of dietary Zn supplemental level and source on eggshell thickness and breaking strength are shown in Table 6 . The supplemental level of inorganic Zn had no influence on eggshell thickness at wk 2 (P > 0.05), whereas eggshell thickness increased linearly (P = 0.001) and quadratically (P = 0.007) at wk 4, and linearly at wk 6 (P = 0.031). The linearly and quadratically increasing effects of supplementing the organic Zn appeared at wk 2 (L = 0.006; Q = 0.023), 4 (L = 0.002; 2 Samples were taken in the plasma at the ends of wk 2, 4, and 6 of the treatment period.
3 Samples were taken in the eggshell gland at the end of wk 6 of the treatment period. L = linear effect, Q = quadratic effect; * P < 0.05, * * P < 0.01, * * * P < 0.001. Q = 0.001), and 6 (P < 0.001). Higher eggshell thickness was observed in the organic Zn-added groups than that of the inorganic groups at wks 2 (P = 0.008), 4 (P = 0.045), and 6 (P < 0.001) of the treatment period. No interaction between the Zn supplemental level and source on eggshell thickness was observed (P > 0.05). Dietary Zn supplemental level and source did not affect eggshell strength, and their interaction was not significant (P > 0.05). Table 7 shows the effects of the Zn supplemental level and source on eggshell weight, the index, and ratio. The supplemental level of the inorganic Zn linearly increased eggshell weight only at wk 4 (P = 0.038), while in the organic Zn form, the effect was linear (P = 0.002) and quadratic (P = 0.001) at wk 4, and higher values were observed in the organic groups (P < 0.001). The supplemental level of the inorganic Zn had no effect on the eggshell index at wk 2 (P > 0.05), but increased the index linearly (P = 0.015) and quadratically (P = 0.017) at wk 4. In the organic Zn-added groups, linear and quadratic relationships of the shell index with the dietary Zn level were present at wk 2 (L = 0.027; Q = 0.018) and 4 (L = 0.015; Q = 0.002). A higher shell index was observed only in the organic groups compared to the inorganic groups at wks 4 (P < 0.001). The eggshell ratio in the inorganic groups increased quadratically with the Zn supplementation level at wk 2 (P = 0.021), and linearly (P = 0.002) and quadratically (P = 0.004) at wk 4. In the organic Zn-added groups, linear and quadratic responses to the Zn supplemental levels on the eggshell ratio were observed at wks 2 (L = 0.040; Q = 0.005) and 4 (L = 0.011; Q = 0.003). However, no significant differences of shell ratio were noticed between inorganic and organic treatments at wks 2 and 4 (P > 0.05). No effects on the eggshell index and ratio were observed by either organic or inorganic Zn supplementation at wk 6 (P > 0.05). Furthermore, there were no interactions between the Zn supplemental level and source on eggshell weight, the index, or ratio (P > 0.05).
The dietary effects on eggshell stiffness, elastic modulus, and fracture toughness at the end of the 6-week treatment period are shown in Table 8 . There was no difference in shell stiffness by the supplemental level of either organic or inorganic Zn (P > 0.05). The supplemental level of the inorganic Zn affected eggshell elastic modulus (P = 0.046) and fracture toughness (P = 0.033) in a quadratic manner, but the organic Zn did not show a significant effect (P > 0.05). Furthermore, the higher elastic modulus values were observed in the inorganic Zn-added groups as compared to the organic Zn groups (P = 0.016). No significant interactions between the supplemental level and source of Zn were found in stiffness, elastic modulus, or fracture toughness (P > 0.05).
DISCUSSION
It has been reported that there is no beneficial effect of dietary Zn level higher than 150 mg/kg feed on productive performance in layers (Lim and Paik, 2003; Yang et al., 2012) . Instead, dietary supplementation of Zn at more than 700 mg/kg reduced feed intake and damaged the digestive organs in aged laying hens (Park et al., 2004 ). In our current study, a supplementation of Zn up to 140 mg/kg brought the total Zn in the diet to about 170 mg/kg, which did not affect the laying performance, except for the egg weight. The egg weight was not affected during the first 2 wk, but decreased linearly over the following 4 wk in organic Zn-added groups. These results indicate that the effects of Zn were progressively developed and a period longer than 2 wk is needed to observe the full effect of higher levels of organic Zn on performance of layers. No difference in the performance of layers between inorganic and organic Zn-added groups was observed in this study, as previously reported (Stefanello et al., 2014) , which also could be supported by the result from Mabe et al. (2003) , who found that egg weight decreased in response to dietary supplemental levels of Mn, Cu, and Zn rather than their sources. Interestingly in the present experiment, the influence on egg weight was observed only in the organic Zn-added treatments. Neto et al. (2011) also found that egg weight tended to decrease in aged laying hens fed diets containing high levels of organic Zn (137∼655 mg/kg). We did not find any response of the egg weight to the level of the inorganic Zn supplementation. These different responses were possibly attributed to the differences in absorption and bioavailability between the Zn sources in birds (Kidd et al., 1996; Cao et al., 2002) .
Carbonic anhydrase is closely related to Zn metabolism and involved in eggshell formation by catalyzing the production of HCO 3 − in the eggshell gland (Gutowska and Mitchell, 1945) . Zn is bound to CA in the red blood cell, and CA contains 0.31 to 0.34% of Zn (Hove et al., 1940) . The associated reductions in blood Zn concentration and the activity of various Zn metalloenzymes have been reported for multi-species fed Zndeficient diets (Ensminger et al., 1990) . This enforces the proposal that low CA activity (plasma or ESG) in layers fed a Zn-deficient basal diet, as shown in the current study, may limit the synthesis of CA, hence more Zn is needed to maintain CA activity. Our results indicating that the CA activity in both the plasma and eggshell gland increased from a low level in the hens on the basal diet to higher levels in response to the Zn supplementation support this hypothesis. The results also indicate that Zn is an essential effector for CA activity. A further excess supply of Zn may not be necessary, possibly due to the Zn homeostasis in layers, which could be distorted by excessive accumulation of Zn (Nordberg et al., 2002) . In addition, we found that the organic Zn was more effective than the inorganic Zn in enhancing the CA activity particularly over the first 2 and 4 wk of supplementation, which is in line with a study by Balnave and Zhang (1993) . Higher bioefficacy of organic Zn in contrast with that of the inorganic source possibly is the reason for the difference (Wedekind et al., 1992; Cheng and Guo, 2004; Yenice et al., 2015) . Besides, the CA activity of the shell gland is most active in the capillary endothelium of laying hens (Berg et al., 2004) , and capillary CA has been reported to influence the microcirculation by mediating changes in extra-and intra-cellular pH on the rat retina (Reber et al., 2003) . Furthermore, there is a large increase in oviduct and uterine blood flow during eggshell formation (Wolfenson et al., 1982; Nys et al., 1999) . Therefore, enhancement of CA activity in the plasma and eggshell gland can stimulate the microcirculation and elevate the concentration of HCO 3 − and calcium in the eggshell gland and ultimately contribute to further calcification of calcium carbonate in the eggshell.
We found that eggshell thickness was increased by dietary supplementation of both the inorganic and organic Zn, and the organic Zn was more efficient than inorganic Zn in this study. Our results are supported by a report that eggshell thickness increased quadratically, depending on the level of trace mineral supplementation, with greater effects from organic sources of the minerals (Stefanello et al., 2014) . Eggshell thickness could be improved by increasing dietary Zn levels and reach an optimum status with dietary supplementation of Zn at 150 mg/kg on the top of 50 mg/kg in the basal diet (Zamani et al., 2005a) . However, other studies reported no improvement of eggshell thickness by supplementing 100 or 200 mg/kg Zn to a basal diet containing 100 mg/kg of Zn (Stevenson, 1985) , or supplementing 35 mg/kg of Zn to a basal diet containing 76 mg/kg Zn (Yang et al., 2012) . The inconsistency among these literatures and our results is probably due to the younger ages of the birds and higher Zn levels in their basal diets. In this study, shell weight, the index, and ratio were increased with the dietary Zn level, with the more profound effects in the organic groups after feeding for 4 weeks. This is in accordance with a report that dietary supplementation of about 400 mg/kg organic Zn improved shell weight, the index, and ratio, compared with its inorganic counterpart (Moreng et al., 1992) . The increase in eggshell thickness found in the current study may be the result of the enhanced CA activity in layers. It has been reported that a reduction of CA activity in the eggshell gland resulted in eggshell thinning (Holm et al., 2006) , and an inhibition of the CA enzyme led to a decrease of bicarbonate ion secretion and, consequently, to a great reduction in eggshell weight . Also, enhancement of CA activity contributes to an increase of eggshell thickness attributed to an addition of exogenous estrogen in layers (Saki et al., 2002; Wistedt et al., 2014) . Thus, the linear and quadratic responses of the CA activity to the dieary Zn level may lead to the linear and quadratic relationships between eggshell thickness and the Zn level in the diets of the current study.
Eggshell elastic modulus and fracture toughness are 2 parameters to describe the physical properties of eggshell, which are derived by the complicated formulas of thickness and breaking strength. In the current study, the eggshell elastic modulus and fracture toughness were improved quadratically with the supplementation of inorganic Zn, and the inorganic Zn worked more effectively on the elastic modulus as compared with the organic Zn. On the contrary, Mabe et al. (2003) showed that the elastic modulus and fracture toughness of the eggs from aged hens increased with the dietary supplemental level of Zn, Cu, and Mn, but no differences were observed between the organic and inorganic mineral sources. Zamani et al. (2005b) also found that an addition of both Zn and Mn increased the elastic modulus of shell, while adding Zn alone did not affect the elastic modulus. This study showed that the relationships of the eggshell elastic modulus and fracture toughness with the dietary Zn level were quadratic; the higher levels of the inorganic Zn decreased these 2 parameters. On one hand, the variations in the eggshell elastic modulus and fracture toughness observed in this study could probably be due to the changes in the organic matrix, especially ovocleidin-116 and osteopontin in the eggshell, which have been proven to be intimately associated with eggshell elastic modulus and fracture toughness (Dunn et al., 2009 ). In addition, the size, shape, and crystallographic orientation of the calcite crystals also could significantly contribute to the shell's mechanical properties (Dunn et al., 2012; RodriguezNavarro et al., 2015) , while the formation of crystals could be influenced by Zn in vitro (Elzinga and Reeder, 2002) . The changes of elastic modulus and fracture toughness affected by dietary addition of inorganic Zn levels can be attributed to the effects on the organic matrix and eggshell texture. However, these hypotheses need further investigation.
Eggshell strength, to some extent, plays a much more important role in good eggshell among all the parameters of eggshell quality. No positive effect of dietary Zn addition on eggshell strength was observed in our current study, in spite of higher eggshell thickness in Zn-added groups. Several previous studies have shown there is a positive relationship between eggshell strength and thickness (Tyler, 1961; Khatkar et al., 1997) . It seems that other characteristics also influence strength, such as size, shape, and ultrastructure (Dunn et al., 2012) . Lim and Paik (2003) also reported that dietary addition of 100 mg organic Zn/kg could not improve eggshell strength. However, dietary addition of Zn in combination with Mn or other trace minerals have been reported to improve eggshell strength in old layers (Mabe et al., 2003; Swiatkiewicz and Koreleski, 2008; Stefanello et al., 2014) . The improvement in eggshell strength observed in those studies is possibly attributed to the interaction effect between Zn and other trace minerals in layers, which warrants further study.
In conclusion, eggshell thickness could be increased by the dietary supplementation of Zn up to 140 mg/kg feed, partly resulting from the enhancement of CA activity in the plasma and eggshell gland, and thicker eggshells were observed in organic Zn-added groups. However, the egg weight decreased linearly in response to the dietary level of the organic Zn supplementation, and the breaking strength did not increase despite the eggshell thickness increasing.
